ABSTRACT.
Since Since the plasticity, or fluidity, of the plasma membrane is connected with changes in the dynamic behavior of the cell membrane, many attempts have been made to determine the relation that exists between membrane dynamics and biological functions based on the composition and distribution pattern of lipid components. Consequently, cholesterol is thought to be a constituent of the plasma membrane important for the regulation of cell metabolism (7, 8 membrane differs with the type of cell. In some plasma membranes, cholesterol may constitute up to 50 % of the phospholipids present (9). Nonrandom distribution of cholesterol in various phosphatidylcholine species (4) also has been indicated, and a cholesterol-phospholipid complex formation has been proposed (7). When the interaction between cholesterol and phospholipids is being considered, the physichochemical states of the lipids are critical because ; when the lipids surpass the temperature for phase transition, cholesterol decreases chain mobility and reduces the fluidity and mean molecular space (5, 20). Furthermore, the introduction of cholesterol into the phsopholipid bilayer in a model (5) or natural membrane (12) is known to cause a decrease in the energy content of lipid phase transition and to affect the packing of the paraffin chain. The hydrophobic interaction between cytoplasmic proteins and the inner surface of the plasma membrane appears to play an important part in the cell-surface signal transduction of various cells (16, 17) . Previously (24, 25, 26), we reported that many cytoplasmic proteins associate with phospholipid vesicles and induce increased permeability of liposomal membranes at their phase transition temperature, and that these characteristics are greatly diminished by the introduction of cholesterol into the liposome membrane. The full role in cholesterol on the interaction of proteins and biological membranes, however, is not as yet fully understood. Therefore, to determine the biological part of cholesterol has in signal transduction on the plasma membrane in normal and cancer cells, we performed experiments to determine whether cholesterol regulates the interaction between liposomes and proteins. We used the technique of the "phase transition release of carboxyfluorescein" (24) and the "flotation method" to isolate of protein-associated liposomes by Ficoll density gradient centrifugation (25).
We here report that the interaction of cytoplasmic proteins with liposomes was inhibited by cholesterol in a concentration-dependent manner and that the inhibitory action of cholesterol on lipid-protein interaction is closely correlated with the decrease in the energy content of the phase transition in cholesterol-containing liposomes. 
MATERIALS AND METHODS
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. L-ƒ¿-dipalmitoylphosphatidylcholine (DPPC), L-ƒ¿-dimyristoylphosphatidyl- choline (DMPC),
RESULTS
AND DISCUSSION
Association of cytoplasmic proteins with DPPC liposomes and their inhibition by cholesterol. As reported previously (24, 25), several cytoplasmic proteins associate with DMPC liposomes ; these protein-associated liposomes are separable from nonassociated cytoplasmic proteins by Ficoll density gradient centrifugation. In the presence of PMSF, many cytoplasmic proteins, including actin and other cytoskeletal proteins, were recovered from the fraction containing protein-associated DPPC liposomes. (Fig. 1 A and Fig. 2 ). The degree of association of cytoplasmic proteins with the DPPC liposomes was not changed much by a change in the incubation temperature between 24•Ž and 37•Ž (data not presented).
The 32, 45, 63, and 92 K dalton EATC cytoplasm proteins were associated with liposomes and the 45 K dalton protein was detected as actin. These proteins may be integrated in the lipid membrane and form a stable protein-vesicle recombinant (22, 24). The degree of association with liposomes decreased when cholesterol was introduced into DPPC liposomes. Some, such as the 20, 32 and 96 K dalton proteins, were very sensitive to changes in the cholesterol/DPPC ratio, but 45 and 63 K dalton proteins were fairly insensitive (Fig. 3A) . Some cytoplasmic proteins still associated with liposomes at a cholesterol content of more than 0.5 in the cholesterol/DPPC ratio (Fig. 3A) .
These data suggest that sensitivity to cholesterol during the interaction of proteins and liposomes differ for each protein. At 0.1 in the ratio, the total, associated proteins content increased slightly, then decreased progressively as the ratio increased (Fig.  3B) . Interaction with the lipid bilayer may differ from the generally accepted ordering effect of cholesterol when there is less than 10-15 % in the membrane (13). Probably cholesterol does not directly affect the protein, or its conformation, rather it would specifically affect the physical state of the membrane lipid when applied in low concentrations to produce increased interaction between the membrane and proteins as in the activation by cholesterol that takes place in the ADP-ATP exchange enzyme (10). These findings may be correlated with the transitional increase in the proteinlipid interaction at a low cholesterol concentration seen in our research. A similar association of rat liver cytoplasmic protein with DPPC liposomes was found (Fig. 4) . But the species of associated proteins from the rat liver supernatant differed from those of EATC. The 18, 31, 44, 62, 68, 105 and 230 K dalton proteins were associated with liposomes, and the relative amounts of these associated proteins decreased with the increase in the ratio of cholesterol/DPPC (Fig. 5) . This association was reduced markedly at a ratio of more than 0.5 for the cholesterol/DPPC.
In the presence of EGTA (19), the A-subunit of ricin (27) (a lectin protein) and pancreatic PLA2 associated with DPPC liposomes and induced the release of CF from the phospholipid vesicles, as in the action of actin (24) and several other cytoplasmic proteins. The rate of association and the permeability of membrane increased by these proteins also were reduced in a concentration-dependent manner by the introduction of cholesterol into phospholipid membranes (data not presented).
Increase in the permeability of the liposomal membrane produced by the supernatant fraction of the EATC homogenate and inhibition of this increase by cholesterol. The supernatant fraction of the cell homogenate, purified muscle actin, tubulin, the A-subunit of ricin and phospholipase A2 all induced CF release from DPPC liposomes at the phase transition temperature (2, 19, 24, 26). The amount of CF released was dependent on the concentration of added effectors (Fig. 6 A) , and the increased permeability was affected by the amount of cholesterol in the liposomal membrane (Figs. 6 A and B) . The rate of CF release was increased by cytoplasmic proteins at 0.3 for the cholesterol/phospholipid ratio and decreased proportionally as the ratio increased as in the case of protein association with liposomes. Selective association of F-actin with DPPC liposomes. The biochemical characteristic of liposome-associated actin was analyzed by using the inhibitory action of G-actin against the activity of DNase I. As indicated in Table 1 , no detectable inhibition was present in the protein-associated liposome fraction which contained a considerable amount of actin in SDS-PAGE analysis. This is evidence that there is no G-actin in the protein-associated liposome fraction and that F-actin associates specifically with DPPC-liposomes by hydrophobic interaction in a cholesterolsensitive manner. But the actual mechanism that operates in the selective interaction of F-actin with DPPC liposomes is, as yet, unknown. 23) reported that the unilamellar spherical vesicles of DPPC appear to have a single transition at 37•Ž, which they detected in calorimetric and fluorescent probe studies. The DPPCliposomes used in the present experiment showed a structure of unilamellar vesicles under electron microscopy (19). Therefore, that the calorimetric scan of freshly prepared liposomes showed the main endothermic peak at (37•Ž as seen in Fig. 7 ) is reasonable. These unilamellar vesicles are thermodynamically unstable below 27•Ž and slowly are transformed into a multilamellar structure that shows a single phase transition of 41.2•Ž (23). Association of the EATC cytoplasmic proteins with these unilamellar DPPC vesicles, shifted the main endothermic peak from 37•Ž, to 43•Ž indicative of the transformation of liposomes from a uni-to a multi-lamellar structure or of the packing structure of unilamellar liposomes by association with cytoplasmic proteins.
The energy content of the phase transition of unilamellar DPPC vesicles was reduced as the amount of cholesterol increased and its phase transition was eliminated as described by De Kruyff et al. (3). Hinz and Sturtevant (6) suggested that each cholesterol molecule added removes 2 molecules of lipid from the hexagonal phase which then undergoes cooperative transition to a liquid crystal phase, resulting in the complete disappearence of this phase at 33.3 mole % cholesterol. Liquidcondensed packing of bilayer lipids is reached in membranes containing cholesterol of more than 40 % and the cooperative phase transition from the liquid-crystalline to the gel phase abolished as reported by De Kruyff et al. (3) (data not shown) . Thus, the introduction of cholesterol molecules into the phospholipid bilayer results in the inhibition of protein insertion into this bilayer by the reduction of the energy content of the phase transition as also seen for the inhibited phospholipase A2 activity in cholesterol-containing DPPC liposomes (18, 19). Hydrolysis by PLA2 was inhibited by the introduction of cholesterol into liposomes and this inhibition was completed at a cholesterol concentration of 35 % (18). Upon perturbation of the plasma membrane, a number of metabolic changes, including activation of PLA2 or adenylate cyclase, occur in its cells. The increase in the cholesterol content of liver plasma membranes increases the lipid order parameter, which is detected by a mobility decrease in the incorporated fatty acid spin probe that is accompanied by inhibition of adenylate cyclase activity. Furthermore, the various ligand-stimulated adenylate cyclase activities have different sensitivities to inhibition by cholesterol (29). These facts taken together with our findings suggest that at least part of the surface signal transduction mechanism is regulated by the cholesterol content in the plasma membrane through a change in the rate of interaction between cytoplasmic proteins and the inner surface of the plasma membrane. The difference in the regulation of normal and cancer cells is next to be investigated. (Received for publication, June 20, 1986)
